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Abstract 
In order to improve the power and reduce the emission of a naturally aspirated gasoline engine at the same time, the 
effect of different intake structure parameters on the engine performance is investigated in details based on harmonic 
analysis and an optimization is carried out. First a full-scale gasoline engine model is set up using GT-power, which 
is calibrated by comparing the experimental data. Then the harmonic effect of the intake system is studied through 
spectrum analysis of pressure wave. The effects of different intake parameters on engine performance are 
investigated. At last the intake pipe is optimized using response surface model. The study shows that harmonic effect 
has big impact on the gasoline engine. The dynamic performance of the engine can be improved at all speeds by 
optimization the intake system parameters, and an increase of the maximum torque up to 7% is indicated. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
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1. Introduction 
Energy saving and emission reduction are two world wild problems. In order to meet the increasing 
demand on the performance of internal combustion engine and satisfy the more and more restricted 
emission regulations, the power, reliability, life cycle, emissions and fuel economy of IC engine need to 
be further improved. Thus a more in-depth research on the engine is necessary. It is well known that the 
intake system is vital for the performance of an IC engine. A good designed and optimized intake system 
can increase the intake volume efficiency, and thus improve the engine power, increase the torque, reduce 
harmful emissions and fuel consumption rate at a certain speed range[1]. The newly designed engine uses 
many new technologies to meet these requirements, such as variable intake manifold, variable intake 
valve timing, turbocharging etc., which ensure the dynamic performance of the engine and satisfy the 
emission requirements at the same time[2-5]. But for some old engines, full new design is money and time 
cost. Optimizing the intake and exhaust system using the dynamic harmonic effect is a simple and 
practical way[6,7]. In this paper, first the harmonic effect of the intake system is investigated through 
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spectrum analysis of pressure wave. Then the effect of different intake structural parameters on the engine 
performance is studied. Based on study above, an optimization of the intake system is carried out using 
response surface model. The optimal results show that the performance of the engine improves obviously. 
2. Simulation modeling and verification 
This study is conducted on a domestic four cylinder, four-stroke SI engine, which was released in late 
1990s. The bore diameter is 65 mm, the piston stroke is 75 mm, the length of connecting rod is 113 mm, 
the compression ratio is 10.75 and the working volume of the engine is 1L. The engine has a maximum 
power output of 45 kW at 6600 rpm and 71 Nm of torque at 5000 rpm. Its performance can be improved 
by optimizing the intake, exhaust and combustion system etc to meet the requirement today. But in this 
paper only the effect and optimization of intake system is discussed.  
The full engine system simulation model is set up using GT-Power software tool[8,9]. The main 
components of the engine system are air cleaner, throttle, intake and exhaust manifolds, and cylinders etc, 
which are illustrated in Fig. 1.  
 
Fig. 1. simulation modeling of original engine 
This simulation model is calibrated by experiment data. The comparison of torque and power under 
full load condition are shown in Fig. 2. As we can see, the simulation results match the experiment data 
quite well. The difference of the torque and power distributions is less than 3%. There are also other 
verifications, such as comparison of volume efficiency, BSFC, heat release rate, etc. All the calibrations 
prove this GT model is reliable and can be used in following studies. 
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Fig. 2. The comparison between simulation and experimental results 
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3. Harmonics analysis 
Corresponding to the engine speed, the pressure wave in the intake pipe varies dynamically. The 
pressure wave just before intake valve at the speed of 3000r/min is shown in Fig. 3(a). It actually is the 
superposition of all kinds of reflecting waves. In order to find out the most important wave frequency, a 
spectrum analysis is necessary. The spectrum characteristics can be obtained easily by a fast Fourier 
transform, which is shown in Fig. 3(b). By analyzing the spectrum of each pressure wave, it will help to 
understand the pulsation and resonance effects of the intake system. 
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Fig. 3. (a) The dynamic pressure wave at the inlet valve; (b) spectral characteristics of intake valve pressure wave 
From Fig. 3, it clearly shows that the pressure wave can be decomposed into two parts. One is main (or 
average) pressure corresponding to the standard atmospheric pressure. The other is the vibration pressure, 
which is the result of the periodical opening and closing of intake valve. Although the amplitude of the 
fluctuations part is small, it plays a key role in the intake process of gas because its dynamics affects the 
effective intake volume greatly. It is also found from Fig. 3 that there are 4 main four major frequencies 
by the spectrum analysis. As mentioned above the pressure wave is actually the superposition of all kinds 
of reflecting and bouncing waves which are determined by the structure and flow parameters. The intake 
pressure waves at other engine speeds are also analyzed. Same conclusions as above can be obtained. If 
the phase of those main frequencies can be adjusted to adapt to the intake valve open time, it will benefit 
the gas inflow rate into the cylinder[7]. The phases of the four frequencies are shown in Table 1 at 
different engine speeds. 
Table 1. the comparison of wave phase at three different engine speed 
1st mode 2nd mode 3rd mode 4th mode 
2000r/min -1.91302 3.08062 2.68532 1.94546 
3000r/min 0.04732 0.01848 0.01755 0.01081 
5500r/min 2.99648 1.71929 -2.86046 -2.50778 
From table 1, it is found out that the intake system of the original engine has a poor intake resonance at 
the speed of 2000r/min, because of a big difference of phase for all 4 modes. At the speed of 3000r/min, it 
has a best intake resonator because of a small difference of intake frequency phase.  
4. The effects of intake structure parameters on engine performance 
From above analysis, it is found that the intake process is affected greatly by the pressures wave. And 
it has been shown that the dynamics of such pressure wave is determined by the structure 
parameters[7,10]. But their relationship is not direct and complicated. Usually people put more attention 
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to the power, torque and fuel consumption of an engine. So in the following we look directly into these 
parameters instead of spectral analysis.  
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Fig. 4. Torque for different manifold diameters (the original=40mm) 
First the influence of different intake manifold diameters is studied, which is shown in Fig. 4. As we 
can see, the effect of diameter on engine performance is small. Even the pipe diameter decreases 20%, the 
change of torque is still small. Only at 4500-6000 rpm, there is a little increment in torque, which is no 
more than 1%.  It basically has no effect on other speeds. The same results happen to the change of the 
primary pipe diameter. So either increasing or decreasing intake diameters, they have a small impact on 
the engine performance.  
55
60
65
70
75
1500 2500 3500 4500 5500 6500 7500
speed（r/min）
to
rq
ue
（
N·
m）
120mm 140mm
220mm 240mm
original
Fig. 5. Torque for different primary pipe lengths (the original=450mm) 
Fig. 6. Torque comparison of different intake manifold lengths (the original=180 mm) 
On the contrary, the influence of intake pipe length is obvious for the gasoline engine we studied. In 
Fig. 5, the effects of different primary pipe lengths on the engine torque is shown and the results of intake 
manifold pipe are shown in Fig. 6. When other structural parameters of the engine keep unchanged, only 
the length of the primary pipe varies. It has a small effect on the high speed engine range, namely 
4500r/min above in our case as shown in Fig. 5. From low speed range (2000-3000rpm) to middle speed 
(3500-4500), the effect of primary pipe length is totally different. Basically with the increase of primary 
pipe length, the torque of low speed increases while the middle range decreases. For low speed range, the 
torque can increase up to 7% when the primary pipe length increases 30% at engine speed 2500r/min. 
Similarly change can be obtained for middle range speed with decreasing the length. Since there is no 
way to improve the torque for all engine speeds at the same time, it depends on the designer to choose the 
best length. For an example, if the performance of middle speed range is important, one should decrease 
the primary pipe length, or vice versa. 
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As for intake manifold length, it can be seen from Fig 6. that it has effect on all engine speed range. 
And it seems the direct of change is one way for this engine. When the manifold length decreases, the 
torque of the engine increases. Even though there are some range that the increase is not obvious but the 
overall trend is increase. For example, at 3500 rpm, when the manifold length decreases from 240mm to 
120mm, an increase of torque from 67Nm to 73Nm can be observed. Briefly if do not consider other 
factors, reducing the engine manifold length seems a good choice for this special engine. 
5. Optimization of the intake system and results 
IC engine is a complex system. Various parameters have different effects on the engine performance. 
It is hard to find out the best results by a single-variable optimization results. It requires considering all 
the factors together. There are many optimization algorithms. For this study, it is found out that the effect 
of diameter is small. So here only the lengths of intake primary and manifold pipe are considered together. 
Since it is only a two-factor optimization problem, the simple response surface model is adopted. Fig 7 
shows torque and fuel consumption response surface map at 3000r/min. 
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Fig. 7. torque and fuel consumption response surface map at 3000r/min 
Similarly, the corresponding surface function at other engine speed can be created. According to the 
torque and fuel consumption response map at different speeds, the maximum torque region and the 
minimum fuel consumption region at fixed engine speed can be obtained. But as we know, for each 
engine speed there is an optimal length. One needs to combine all the optimal zones together to find out 
the best value for all speed. The final optimization values are shown in Table 2. In order to compare, two 
set of optimal lengths are selected.  
Table 2. The optimization value of engine structure parameters 
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 Original optimization 1 optimization 2 
primary pipe length (mm) 450 450 400 
manifold length (mm) 180 120 120 
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Fig. 8. (a) Engine torque before and after optimization;  (b) ngine fuel consumption before and after optimization 
The torque and fuel consumption for the engine with optimized lengths are shown in Fig. 8. As we can 
see, the engine performance is improved greatly for both optimization schemes. For optimization 1 listed 
in table 2, the torque is improved at all speeds. The maximum happens at 3500r/min, and the engine 
torque is increased almost 5%. For the second scheme, only at small range of engine speed (around 
3000rpm) the torque is decreased. But the maximum torque is the biggest among theses three. At 
3500r/min, the increment of torque reaches a maximum of 7%. On the other hand, as shown in Fig. 8(b), 
the BSFC for the optimized engine has also decreased a little.  
6. Conclusion 
A series studies is conducted for the intake system of an old 1L domestic naturally aspirated gasoline 
engine using GT-power. The goal is to optimize the engine performance without changing the whole 
system. In this paper local optimization of the intake system is carried out. First, pressures wave before 
the intake valve is analyzed using spectral method at different engine speed. It helps to find out the 
primary wave frequency quickly and analysis the factor affecting the resonance. The fluctuation pressure 
plays a key role in the intake process. And the analysis shows that at 3000 rpm, the phase difference 
between the various frequency waves is little and good resonance result can be obtained. The structure 
parameters determine the pressure wave and thus affect the engine performance. So second, the effects of 
different parameters of intake system on the engine performance are studied. For our study case, the 
effect of diameter (including primary pine and manifold pipe) is small. The length of primary pipe only 
affects low and middle engine speed range, and the influence is in an opposite way. It can not improve the 
whole speed range performance by changing the primary pipe length alone. While the length of intake 
manifold pipe has influence on all engine speed. And shorter pipe has more advantages. At last, 
optimizing the length of primary pipe and manifold pipe length is carried out using response surface 
model. Two set of optimal lengths are selected. The optimal results show that the engine performance is 
improved obvious and a maximum increment of 7% for torque is observed. The further work will keep 
look into the relationship between the structure parameters and the intake pressure wave. Maybe 
combining with exhaust system will increase the engine performance further. 
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